This talk discusses the possibility of new physics within the strong gauge interactions, specifically the idea of an extended color gauge group that is spontaneously broken to QCD. After a brief review of the literature, three of our recent pieces of work on coloron phenomenology are summarized. First, some key results on coloron production to NLO at hadron colliders are described. Next, a method of using associated production of colorons and weak vector bosons to better determine coloron couplings is discussed. Finally, a new model that naturally realizes flavor physics is reviewed.
Introduction
The LHC Era is proving to be extremely exciting: not only have the experiments decisively rediscovered all of the familiar particles of the Standard Model, confirming that the operations of the accelerator and detectors are well understood, but both ATLAS 1 and CMS 2 have also found a new scalar particle that appears to be the long-awaited Higgs Boson. Since the Standard Model with one Higgs doublet is not natural up to arbitrarily high energies, and since it leaves many questions (including the origin of flavor) unanswered, we anticipate that some physics beyond the Standard Model remains to be discovered.
An intriguing possibility is that an extended color gauge sector may exist. In particular, new colored states beyond the familiar quarks and gluons could be awaiting discovery at the LHC. These could reflect a variety of kinds of theories beyond the standard model. One class of theories are those in which the strong interactions are extended from the standard SU (3) QCD to a larger SU (3) 1 × SU (3) 2 group and in which spontaneous symmetry breaking reduces the larger group to its diagonal subgroup which is identified with SU (3) QCD . These models include topcolor, 3 the flavor-universal topcolor, 4 classic chiral color, 5 chiral color with unequal gauge couplings 6 and a newer flavor non-universal chiral color model. 7 Each of these models includes new heavy colored gauge bosons (colorons, topgluons, or axigluons) transforming as a color octet. Other theories with new color octet states include theories of new extra spacetime dimensions that incorporate Kaluza-Klein partners for the gluons, as in Refs. [8] [9] [10] or technicolor models with colored technifermions that bind into color-octet techni-rho mesons. 11 An entire catalog of possible new colored states including color sextet fermions, colored scalars, and low-scale string resonances 12 has also been reviewed in.
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If an extended color gauge sector does exist, then there are indications that it could be likely to couple more strongly to the third generation than the light quarks. For instance, if the new scalar state with a mass of 125 GeV is actually a composite, rather than a fundamental, scalar, it could potentially be a bound state of top quarks, [14] [15] [16] [17] [18] as realized in topcolor, 3 topcolor-assisted technicolor 19 and top seesaw [20] [21] [22] models, and as analyzed phenomenologically in. 23, 24 There is also the puzzling question of how to explain the forward-backward asymmetry observed by the Tevatron experiments 25, 26 in the production of top-quark pairs. Models involving flavor non-universal axigluons 7 have been cited as a possible explanation, and there has been discussion in the literature 27, 28 of the degree to which the properties of those axigluons would be constrained by data on flavor-changing neutral currents.
This talk discusses recent work on several different aspects of coloron theory and phenomenology. We begin by reviewing the basic gauge structure of coloron models. We then present results on coloron production at NLO, indicating how this impacts colliders searches for new colored resonances. In the following section, we discuss a method for using production of a coloron in association with a W or Z boson to determine the chiral couplings of the coloron. Finally, we present a new model for a coloron model that incorporates a realistic theory of flavor physics. Each of these topics is discussed in greater detail elsewhere, and we provide the reader with the appropriate references.
Gauge Structure
The coloron models discussed in this talk are simple, renormalizable, models with the gauge structure
and A a 2µ , respectively, and call the corresponding gauge couplings g 1 , g 2 . The two SU (3) gauge couplings are related to the QCD coupling g S through
where ω is a new gauge mixing angle.
Gauge symmetry breaking occurs in two steps:
• SU (3) 1 × SU (3) 2 → SU (3) C due to the (diagonal) expectation value Φ ∝ u · I, where the fundamental or composite scalar, Φ, transforms as a (3, 3) under SU (3) 1 × SU (3) 2 and I is the identity matrix,
em in the usual way due to a Higgs doublet φ transforming as a 2 1/2 of the electroweak group, and with the usual vacuum expectation value given by v ≈ 246 GeV.
We will assume that the color-group symmetry breaking occurs at a scale large compared to the weak scale, u v.
a
The mass-squared matrix for the colored gauge bosons is given by
Diagonalizing this matrix reveals mass eigenstates G a and C
with masses
If we name the color current associated with SU (3) i by the symbol J aµ i , then the gluon and coloron, respectively couple to the following currents:
From this, we calculate the decay width of the coloron into massless color-triplet fermions to be
where n 1 and n 2 correspond to the number of Dirac fermion states charged under SU (3) 1 and SU (3) 2 respectively. Finally, we note that at energy scales well below the coloron mass, coloron exchange may be approximated by the current-current interaction:
a The vacuum expectation values for φ and Φ occur for a choice of parameters in the most general, renormalizable, potential for these fields, and the vacuum is unique up to an arbitrary global gauge transformation. We will assume that the additional physical singlet and color-octet fields in Φ are heavy, and neglect them in what follows.
NLO Coloron Production
In Ref. 29 we report the first complete calculation of QCD corrections to the production of a massive color-octet vector boson. We treat the coloron as an asymptotic state in our calculations, employing the narrow width approximation. Our nextto-leading-order (NLO) calculation includes both virtual corrections as well as corrections arising from the emission of gluons and light quarks, and we demonstrate the reduction in factorization-scale dependence relative to the leading-order (LO) approximation used in previous hadron collider studies.
The QCD NLO calculation of coloron production reported here differs substantially from the classic computation of the QCD NLO corrections to Drell-Yan production, 30 because the final state is colored. In particular, Drell-Yan production involves the coupling of the light quarks to a conserved (or, in the case of W -or Z-mediated processes, conserved up to quark masses) current. Hence, in computing the NLO corrections to Drell-Yan processes, the current conservation Ward identity insures a cancellation between the UV divergences arising from virtual quark wave function and vertex corrections. These cancellations do not occur in the calculation of the NLO corrections to coloron production, because of vertex corrections involving the 3-point non-Abelian colored-boson vertices. We use the "pinch technique" 31 to divide the problematic non-Abelian vertex corrections into two pieces -a "pinched" piece whose UV divergence contributes to the renormalization of the coloron wavefunction (and, ultimately, a renormalization of the coloron coupling) and an "unpinched" part whose UV divergence (when combined with an Abelian vertex correction) cancels against the UV divergences in quark wavefunction renormalization. Once the UV divergences are properly accounted for, the IR divergences cancel in the usual way: the IR divergences arising from real quark or gluon emission cancel against the IR divergences in the virtual corrections, and the IR divergences arising from collinear quarks or gluons in the initial state are absorbed in the properly defined parton distribution functions (PDFs).
We compute the gauge-, quark-, and self-couplings of the coloron assuming the extended color structure described in Sec. 2. The calculation yields the minimal coupling of gluons to colorons, and allows for the most general couplings of quarks to colorons. The cancellation of UV divergences described above, however, occurs only when the 3-coloron coupling has the strength that arises from the dimension-four gauge-kinetic energy terms of the extended color gauge structure. Our computation applies directly to any theory with this structure, i.e. to massive color-octet vector bosons in axigluon, topcolor, and coloron models. In general, the triple coupling of KK gluons in extra-dimensional models, or of colored technivector mesons in technicolor models, will not follow this pattern. However our results apply approximately to these cases as well, to the extent that the SU (3) 1 × SU (3) 2 model is a good lowenergy effective theory for the extra dimensional model (a "two-site" approximation in the language of deconstruction 32, 33 ) or for the technicolor theory (a hidden local symmetry approximation for the effective technivector meson sector 34, 35 ). 
. "K-factor", the ratio of the NLO to LO cross section for coloron production at the LHC ( √ s = 7 TeV), plotted as a function of M C for sin 2 θc = 0.05 (dashed), 0.25 (dot-dashed) and 0.50 (dotted), µ F = M C , and the two quark charge assignments.
We find that incorporating NLO corrections makes a substantial difference to the production cross-section and kinematic distributions of the colorons. Depending on the coloron mass, the production rate can differ significantly from tree-level predictions. As searches for new resonances decaying to dijets are routinely undertaken by the LHC experiments, taking these results into account is important for setting accurate limits. Moreover, at NLO, one sees that singly-produced colorons can have substantial transverse momentum (while at tree-level they should have nearly none).
The figures illustrating our results use the following notation: We denote the gauge boson mixing angle ω by θ c (as was done in Ref. 29 ) and we call the coupling of a left(right)-handed quark to colorons, divided by the quark's coupling to gluons g S , by the name r L (r R ). Plots are shown for two of the three possible flavor-universal charge assignments for the quarks: all quarks charged under
; results for the third case, in which all quarks charged under SU (3) 2 [r L = r R = cot θ c ], are substantially similar to those for the first case. Fig. 1 shows that the scale-dependence of the LO cross section is of order 30% while at NLO this is reduced to about 2% percent. Fig. 2 shows the "K-factor" for coloron production.
for sin 2 θ c = 0.05 (dashed), 0.25 (dot-dashed) and 0.50 (dotted). Again, we see that the NLO corrections are of order 30%. We have provided detailed tables of our results for the coloron K-factors for the LHC and Tevatron at a variety of collision energies in Refs.
29,36
Finally, we found that of order 30% of the colorons in this generic model with masses in the TeV range are produced with p T ≥ 200 GeV, once NLO corrections are taken into account. In other words, the tree-level picture of a new resonance produced at rest and decaying to back-to-back jets receives significant modification at next-to-leading order. Once a coloron is discovered, studies of the angular distributions of its decay products will need to take this into account.
Associated Coloron Production
The high production rate of a colored resonance (due to the strong coupling value) and the simple topology of the final state (decay into two jets) makes the search for di-jet resonances one of the early signatures that are studied at hadron colliders. Once a new colored resonance is discovered, measuring its properties will be the next important task. The di-jet invariant mass m jj and the angular distributions of energetic jets relative to the beam axis are sensitive observables to determine the properties, such as mass and spin of the resonance. Although one can constrain the coupling strength of the colored resonance to the Standard Model (SM) quarks using the total cross section, this is not sufficient to determine the chiral structure of the couplings.
In Ref.
, 37 we propose a new channel for studying coloron couplings: the associated production of a W or Z gauge boson with the color-octet at the LHC. The chiral couplings of the weak gauge bosons to the fermions in the associated production channel provides additional information about the chiral structure of the new strong dynamics. Combining the associated production channel with the di-jet channel makes it possible to extract the chiral couplings of the colored resonance because the cross-sections of each channel have a different dependence on the coloron's couplings to fermions. The functional form of the dependance of these measurements on the chiral couplings in the di-jet channel is g . A cartoon illustration of these three measurements along with the di-jet measurement is shown in the left-hand pane of Fig. 3 . Notice that while combining the different channels will narrow the allowed range of couplings, there remains an ambiguity in extracting the sign of the couplings. This method of using the associated production of a weak gauge boson to illuminate the properties of a new resonance was studied earlier in the context of the measurement of Z couplings.
38,39
The color-octet states (C) are produced and decay to two jets via the process pp C −→ j j. They can also be produced in association with a weak gauge boson via the processes pp C −→ j j W ± and pp C −→ j j Z where j = u, d, s, c, b. The associated production modes include s and t channel diagrams with the emission of the gauge bosons in either the initial or final state. The final state channels that we study are pp → ± E miss T 2j, + − 2j, coming from W ± (→ ± ν) or Z(→ + − ), respectively and = e, µ. Although the inclusion of the τ lepton in the final state could increase signal statistics, for simplicity we ignore this experimentally more challenging channel. Our simulations included the relevant backgrounds
• W + jets, Z+ jets with W, Z leptonic decays;
• top pair production with fully leptonic, semi-leptonic and hadronic decays (where some final state particles may be missed or mis-identified); • single top production leading to a W ± b q final state; • W + W − , W ± Z and ZZ with all possible decay combinations leading to the final state of interest.
For details on the simulations, including cuts and acceptances, see Ref. 37 We present the results of our analysis for the LHC in the plane of the couplings g The small black region in the center lies outside the projected dijet sensitivity (i.e. couplings within the black region result in a dijet production rate too small to be observed) at the LHC with 100 f b −1 of data citeGumus:2006mxa. The results in Fig. 4 illustrate several features. In the channel with associated production of a W boson, there is no sensitivity in the region near g q L = 0 due to the left-handed couplings of the W boson, and the sensitivity improves as we move away from the g q L = 0 axis. The channel with the associated production of a Z boson on the other hand is sensitive to both left and right-handed couplings and sensitivity in the region close to g q L = 0 is non-zero. The smaller production cross section for this channel along with the small leptonic branching fractions for Z decays limit the gain in sensitivity. Nonetheless this channel provides an additional measurement and hence useful information in untangling the couplings.
To summarize our results for a variety of coloron masses and couplings with either 10 f b −1 or 100 f b −1 of data: As expected, the longer run with more data has better sensitivity and can probe masses up to 4.5 (4.0) TeV in the channel with associated production of a W (Z) gauge boson. The projected limit of sensitivity in the dijet channel for the LHC with 100 f b −1 data is shown in the figures as the small black circle in the center with small couplings. It is safe to assume that the final acceptance will be at least equal to or even better than the current one and the small black region in the center could shrink even further. If the LHC were to discover a resonance with such small couplings, one would have to find other novel ways of understanding the chiral structure of couplings as the associated production channel does not have sensitivity in those regions of parameter space.
Separately, we note that the Tevatron has made a measurement of the top-pair forward-backward asymmetry (A tt F B ). 46, 47 The authors of Ref. 48 have translated this measurement into constraints on the couplings of color-octet resonances. We show this additional constraint for the case of a color-octet with mass M C = 3 TeV in the right-hand pane of Fig. 3 . The region consistent with the A tt F B measurement is shown in translucent yellow with small dots. Note that for clarity of presentation we have combined the sensitivity from coloron plus W and coloron plus Z channels in this figure.
The results are encouraging: The LHC will be able to provide information about the chiral structure for a wide range of couplings and masses and hence point us in the direction of the underlying theoretical structure. 
A Flavorful Coloron Model
, 49 we introduced a model in which the strong interactions are extended to an SU (3) 1 × SU (3) 2 structure in a way that causes the new heavy coloron states to couple differently to the third generation quarks than to the lighter generations. What is novel here is that the model also naturally addresses the experimental observation that the third family of quarks have only a small mixing with the lighter families. This is implemented through the presence of heavy weak-vector quarks that transform in the same way under the extended color group as the third-generation quarks. Mixing between the ordinary quark generations occurs only because all three generations mix with the vector quarks; the different gauge charges of the third and lighter generations of quarks thus leads to naturally small mixing between those generations. Effectively, this model realizes next-to-minimal flavor violation.
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The color gauge sector of the model remains as described above in Sec. 2. The matter fields of this model are summarized b below in Table 1 . Those coupled to SU (3) 1 include one chiral quark generation (q L , t R , and b R ), which will be associated primarily with the third generation quarks, and one vectorial quark generation (Q L,R ). The two remaining (chiral) quark generations ( ψ L , u R , and d R ) are coupled to SU (3) 2 and will be associated primarily with the two light quark generations. Noting that Q L and q L transform in the same way under the gauge symmetries, we define Q L ≡ (q L , Q L ) and observe that the flavor symmetries (ignoring gauge anomalies) of the quark kinetic energy terms in this model are
As discussed in Ref. 49 the flavor symmetries may be used to simplify our analysis of the fermion masses and Yukawa couplings.
Let us take a closer look at those mass and Yukawa terms. The existence of the right-handed weak doublet state Q R permits the Dirac mass term
where M is an arbitrary two-component complex mass matrix. Using the U (2) Q L symmetry of the quark kinetic terms, we will choose to work in a basis in which
where M is real and positive. This defines what we will mean by q L and Q L in Table 1 from here on.
The third-generation quark Yukawa couplings are given by
where the β t,b , can be chosen to be real, using the U (1) t R × U (1) b R symmetries. The Yukawa couplings for the light two generations are given by
where λ u,d are 2×2 complex matrix Yukawa couplings. Neglecting the (small) mixing of the third-generation quarks with the first two generations, the parameters β t,b and λ u,d are just equal to the corresponding parameters in the standard model, up to the factor of √ 2M/v which is included for later convenience. Mixing of the third quark generation with the first two occurs only because all three generations mix with the (heavy) vector quarks. Mixing between the thirdgeneration quarks and the vector quarks occur through
and mixing between the first-and second-generation quarks and the vector quarks occurs through the Yukawa couplings to the color-octet scalar
Here the λ b,t are complex numbers, while α is a two-component complex vector, whose phases and orientations can be simplified using the residual flavor symmetries. Note that in the limit that either λ b,t → 0 or α → 0, third-generation quark number is conserved separately from quark number for the light quarks, d and mixing between the third generation and the first two vanishes.
As a result, having the mixing between the heavy and light quark generations be small is natural in this model. In fact, we find that the pattern of quark masses and CKM mixings is reproduced naturally in this model. Specifically, the CKM matrix is correctly reproduced by:
c While incorporating M into the Yukawa couplings is convenient for subsequent calcualtions, its presence obscures the decoupling properties 51 of the theory in the limit M → ∞. d In the limit λ t,b → 0, top-and bottom-quark number is conserved separately, while in the limit α → 0 it is conserved in combination with vector-quark number.
where both d and α 2 are real, and where α 2 is O(λ 2 ) while α 1 is O(λ 3 ). Here, the parameters A, λ, ρ, and η belong to the conventional Wolfenstein parameterization of the CKM matrix. . Left: Exclusion regions on the plane (cot ω, M C ) from the ATLAS search for dijet resonances (pink region, beneath the short upper curve) and from Bs mixing, assuming that Yukawa couplings take on the maximum value allowed by b → sγ, (blue region, beneath the long lower curve). In addition, a bound from Kaon mixing excludes the region below the dashed line whose label matches the value of the coupling |α 2 |; a larger value yields a stronger bound. See Ref. 49 for details.
We are now prepared to examine the phenomenology of the model in more detail. New contributions to flavor-changing neutral currents (FCNC) from the mixing of the ordinary fermions with the new weak vector femion states, and through the couplings of the colorons to fermions. We find that data on b → sγ and ∆F = 2 meson mixing processes place bounds on the model parameters but leave substantial regions of allowed parameter space, as indicated in Fig. 5 .
We have also compared the predictions of the model to data from searches for new resonances decaying to dijets performed by the ATLAS 52 and CMS 53 experiments at the LHC. We find that the lower bound on the coloron mass ranges from M C ≥ 2.4 TeV for cot ω ≈ 2.5, when the coloron couples mainly to third-generation quarks, all the way to M C ≥ 4.3 TeV for cos ω ≈ 0.5, when the coloron couples more strongly to first and second generation quarks. In contrast, the ATLAS 54 and CMS 55 searches for resonances decaying to tt put weaker bounds on the coloron mass than the searches for resonances in dijets. Limits from the dijet searches are also summarized in Fig. 5 .
Finally, it is worth noting that LHC data provides a lower bound on the masses of the heavy quark states that are mostly composed of the vector fermions. The heavy B, T states (partners of b and t) can be produced at the LHC in pairs via gluon-gluon fusion 56, 57 or singly, through their interactions with W , Z, or h.
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The ATLAS search in these channels 60 for a 4th generation down-type quark, which decays predominantly into W t, puts a limit on the 4th generation quark mass that we can directly apply to the B vector fermion mass: M B 0.67 TeV. The analogous limit on the heavy up-type vector quark is weaker.
Conclusions
The LHC is poised to seek signs of new physics beyond the standard model in the strong-interaction gauge sector. This paper has reviewed new developments in theory, model-building, and phenomenology that offer promising avenues for further exploration in the LHC's upcoming high-energy run. We look forward to seeing what the experiments will discover.
